Direct evidence for the requirement of transcriptional feedback repression in circadian clock function has been elusive. Here, we developed a molecular genetic screen in mammalian cells to identify mutants of the circadian transcriptional activators CLOCK and BMAL1, which were uncoupled from CRYPTOCHROME (CRY)-mediated transcriptional repression. Notably, mutations in the PER-ARNT-SIM domain of CLOCK and the C terminus of BMAL1 resulted in synergistic insensitivity through reduced physical interactions with CRY. Coexpression of these mutant proteins in cultured fibroblasts caused arrhythmic phenotypes in population and single-cell assays. These data demonstrate that CRY-mediated repression of the CLOCK/BMAL1 complex activity is required for maintenance of circadian rhythmicity and provide formal proof that transcriptional feedback is required for mammalian clock function.
Circadian clocks have been proposed to consist of autoregulatory loops that use transcriptional feedback and regulated protein turnover to maintain 24-h periodicity [1] [2] [3] . However, the universal requirement for transcriptional feedback repression has been questioned recently by two studies showing that it is not required for circadian rhythms in cyanobacteria 4, 5 . Circadian feedback repression in mammals is believed to be mediated by the CRY1 and CRY2 and PERIOD (PER1 and PER2) proteins. CRY and PER are hypothesized to autoregulate their own expression by repressing the heterodimeric complex of the basic helix-loop-helix (bHLH) PER-ARNT-SIM (PAS) domain transcriptional activators CLOCK and BMAL1, which bind to E-box elements in the CRY 6 and PER 7, 8 promoters. Indirect support for this feedback mechanism comes from biochemical, molecular and genetic evidence: (i) CRY and PER physically interact with CLOCK/BMAL1, (ii) CRY and PER repress CLOCK/BMAL1 activity in steady-state transcriptional assays [9] [10] [11] [12] and (iii) CRY and PER genes are required for maintenance of circadian rhythms in mice [13] [14] [15] . However, direct evidence for the requirement of CRY-mediated repression of CLOCK/BMAL1 transcriptional activity in the maintenance of circadian clock function has been not been shown.
RESULTS

Mutagenesis and functional screening of CLOCK
In order to determine the requirement of feedback repression in circadian clock function, we sought to identify CLOCK alleles that were insensitive to CRY1 repression but that maintained normal transcriptional activity. We generated a random library of B6,000 mutant human CLOCK alleles. We screened clones individually in cell-based reporter assays with wild-type BMAL1 cDNA and a PER1 promoterluciferase construct 7 in the presence of cotransfected CRY1. Of the approximately 6,000 CLOCK clones screened, three clones (Clock-1, Clock-2 and Clock-3) reproducibly maintained threefold or greater reporter activity in the presence or absence of CRY1 compared with wild-type CLOCK. We verified the reduced CRY1 sensitivity phenotype by 96-well assays of activity of CLOCK mutants with increasing amounts of CRY1 plasmid. When cotransfected with wild-type BMAL1 and the PER1 reporter, the Clock-1, Clock-2 and Clock-3 clones maintained noticeably greater activity than wild-type CLOCK in the presence of 1 or 2.5 ng of CRY1 plasmid (Fig. 1a) . However, cotransfection of 5 ng of CRY1 plasmid reduced the transcriptional activity of the mutants to a level similar to that of wild-type CLOCK, indicating that these clones are partially insensitive to CRY1 repression. Notably, these clones demonstrated similar transcriptional activities as wild-type CLOCK in the absence of cotransfected CRY1, suggesting that these mutations do not cause overt alterations in the heterodimerization, nuclear localization, DNA binding and transactivation properties of the mutant CLOCK/BMAL1 complex.
DNA sequencing showed that all three of the CLOCK clones had missense mutations causing changes in amino acids C-terminal to the PAS-B repeat but within the PAS domain 16 (also called the PAC domain; Clock-1, G332E; Clock-2, E367K; Clock-3, H360Y), in addition to other mutations (Fig. 1b) . Notably, the mutations within the PAS domain were independently determined to be causative in the Clock-1 and Clock-2 mutants ( Supplementary Fig. 1 online) . In addition, the Clock-E367K mutant also had approximately threefold greater activity than the Clock-2 clone in the absence of CRY1, suggesting that the additional mutations within Clock-2 may cause this difference. We examined the importance of these PAS domain residues by generating the identical mutations in the CLOCK paralogue NPAS2 (also known as MOP4), which regulates circadian gene expression in central and peripheral tissues and is similarly repressed by CRY (refs. 11,17-19) . Corresponding mutations in the NPAS2 PAS domain reduced its sensitivity, compared with wild-type NPAS2, to 1 and 2.5 ng of CRY1 plasmid ( Supplementary Fig. 1 ). Together, these results indicate that these mutations in the PAS domains of CLOCK and NPAS2 can partially relieve CRY1-mediated transcriptional repression.
Recently, the crystal structure of the PAS domain of the Drosophila melanogaster PER protein was solved, and a tryptophan residue was found to be important for homodimerization through intermolecular contacts with the PAS-A repeat 20 . As this conserved tryptophan (Trp362) in CLOCK is near the cluster of CRY1-desensitizing mutations, a Clock-W362A site-directed mutant was tested in PER1-luciferase reporter assays. The Clock-W362A mutant maintained significantly greater transcriptional activity than wild-type CLOCK in the presence of 1 and 2.5 ng of CRY1 plasmid ( Supplementary Fig. 1 ). Thus, these mutations near the CLOCK PAS-B repeat may affect interactions with PAS-A repeats from other PAS proteins, such as the PER or BMAL1 proteins.
Mutagenesis and functional screening of BMAL1
The results of the CLOCK mutagenesis screen suggested that the corresponding residues near the BMAL1 PAS-B repeat may also be important for CRY-mediated repression. Therefore, we generated BMAL1 clones containing the analogous PAS domain mutations by site-directed mutagenesis and examined their activities in PER1 reporter assays. In contrast to CLOCK, BMAL1 PAS domain mutants had no difference in their sensitivities to CRY1 compared with wildtype BMAL1 (Supplementary Fig. 1 ). In order to uncover the BMAL1 residues required for sensitivity to CRY, we randomly mutagenized plasmids expressing Flag-tagged BMAL1 and screened them with wildtype CLOCK for reduced sensitivity to CRY1 as above. Of 6,000 clones screened, four BMAL1 clones displayed 2.5-fold or greater desensitization to CRY1. The four BMAL1 clones showed similar desensitized activities to 0.5-2.5 ng of CRY1 plasmid as did the CLOCK PAS domain mutants (Fig. 1c) . However, in contrast to the CLOCK mutants, these BMAL1 clones were 1.5-to twofold more active in the absence of transfected CRY1, which may reflect partial insensitivity to endogenous CRY, and were completely repressed by 5 ng of CRY1 plasmid. DNA sequencing showed that the four clones contained mutations causing amino acid changes at position 611 or 612 near the C terminus ( Fig. 1d ; Bmal1-1, A611S; Bmal1-2, A611T; Bmal1-3, A611T; Bmal1-4, G612E). Notably, a single site-directed Bmal1-G612E mutant phenocopied the CRY1-desensitized activity of Bmal1-4 (Supplementary Fig. 1 ), which contained an additional mutation outside of the C terminus. These results confirm that, although CLOCK uses the PAS domain for responsiveness to CRY1, amino acid residues within BMAL1 C terminus are important for CRY1-mediated repression.
Identification of hyperactive BMAL1 mutants
In addition to identifying CRY1-desensitized mutants, we isolated two gain-of-function BMAL1 clones that showed 2-to 2.5-fold greater activity in the absence of CRY1 but were normally repressed by CRY1 (Fig. 1e) . DNA sequencing detected missense mutations resulting in changes at the N terminus upstream of the bHLH region of BMAL1 ( Fig. 1f ; Bmal1-5, S10L; Bmal1-6, S9F). BMAL1 is known to be phosphorylated by casein kinase Ie 21 , which has a prominent role in regulating activities within the core circadian feedback loop 22 .
To address the possibility that these mutations altered the phosphorylation state of these serine residues, we performed site-directed mutagenesis to change Ser9 or Ser10 to alanine, mimicking the unphosphorylated residue, or to glutamate, mimicking the
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Transfected CRY2 plasmid (ng) phosphorylated form. Single-or double-alanine and glutamate exchanges in the BMAL1 N terminus as well as deletion of the first 11 N-terminal amino acids ( Supplementary Fig. 1 ) all resulted in enhanced PER1 reporter activity, suggesting that phosphorylation states of Ser9 and Ser10 do not modulate BMAL1 activity.
Molecular analyses of CLOCK/BMAL1 double mutants
The identification of CLOCK and BMAL1 mutants partially insensitive to CRY suggested that the double CLOCK/BMAL1 mutant complex may show greater insensitivity. This hypothesis was tested by examining the activities of various combinations of CLOCK and BMAL1 mutants in the presence of 0 to 50 ng of CRY1 plasmid in PER1-luciferase reporter assays. With higher amounts (10-50 ng) of CRY1 plasmid, the activity of the CLOCK and BMAL1 single mutants (Fig. 2a-c ) was reduced to a basal level, equivalent to that of the reporter (Fig. 2a-c) . In contrast, CLOCK/BMAL1 double mutants showed marked and synergistic desensitization to high levels of CRY1 plasmid (Fig. 2a-c) . Even with 25 ng of cotransfected CRY1 plasmid, all CLOCK/BMAL1 double mutants retained approximately 50% of reporter activation compared with wild-type CLOCK/BMAL1 lacking CRY1 plasmid. This synergistic insensitivity to CRY1 repression was also seen with NPAS2/BMAL1 and Clock-W362A/Bmal1-3 double mutants ( Supplementary Fig. 2 online) but was not when Bmal1-5 or Bmal1-6 hyperactive alleles were coexpressed with mutant Clock-3 ( Supplementary Fig. 2 ). Thus, BMAL1 hyperactivity alone did not account for synergistic insensitivity to CRY1. To determine if these mutations also block repression by mammalian Cryptochromes in general, we also examined Clock-3/Bmal1-3 double mutants for sensitivity to CRY2. Notably, single Clock-3 and Bmal1-3 mutants were desensitized to low amounts of CRY2, whereas the double mutants showed synergistic insensitivity to CRY2 (Fig. 2d) . In sum, the synergistic, rather than additive, insensitivity of these double mutants suggest that the CLOCK/BMAL1 complex acts as the target of CRY-mediated repression.
Physical interactions between mutant CLOCK/BMAL1 and CRY Three possible biochemical mechanisms can explain how the mutant CLOCK/BMAL1 heterodimers could overcome CRY repression: enhanced expression or stability of mutant proteins, enhanced formation of mutant complexes, or reduced interactions between mutant CLOCK/BMAL1 complexes and CRY proteins. Protein blotting of epitope-tagged CLOCK and BMAL1 proteins coexpressed in HEK293T cells did not show any significant differences in the mutant protein levels relative to the wild-type forms ( Supplementary Fig. 3 online) . To determine if the CRY-desensitized mutants show enhanced heterodimer formation in the presence of CRY, we performed native coimmunoprecipitations with antibodies against Flag (anti-Flag) on HEK293T cell extracts containing Flag-tagged wild-type or mutant BMAL1 and untagged wild-type or mutant CLOCK. Protein blotting showed that wild-type CLOCK copurified with wild-type Flag-BMAL1 but did not copurify with the Flag epitope alone (Fig. 3a) . In contrast, for single-or double-mutant combinations of CLOCK and BMAL1, there were moderately greater levels of mutant CLOCK/BMAL1 heterodimers than in the wild-type combination (Fig. 3a) . This was similar to the increased amounts of wild-type CLOCK that the hyperactive Bmal1-5 or Bmal1-6 proteins bound relative to wild-type BMAL1 in the absence of cotransfected CRY1 (Supplementary Fig. 3) . Notably, the interactions between CLOCK and BMAL1 seemed to be disrupted in the presence of CRY1 (Supplementary Fig. 3 ) and thus may represent a mechanism contributing to CRY repression.
Previous studies have shown that CRY can physically interact with the CLOCK/BMAL1 complex 10, 11, 23 and that this interaction is important for CRY-mediated repression 6 . To examine the interactions with CRY, wild-type and mutant Flag-tagged CLOCK/BMAL1/ PER2 complexes were affinity purified with MYC-tagged CRY1 by coimmunoprecipitation. MYC-tagged CRY1 appeared to bind substantially less CLOCK and Bmal1 singleand double-mutant complexes (Fig. 3b) compared with the wild-type complex (Fig. 3b) but maintained direct interactions with PER2, as expected 9, 11 . Notably, coimmunoprecipitations of Flag-PER2 showed that the CRY-desensitizing mutations in CLOCK also blocked interactions with PER2 when coexpressed with either wild-type or mutant BMAL1 (Bmal1-4, Fig. 3c , and Bmal1-3, data not shown). However, interactions with wild-type CLOCK and mutant BMAL1 heterodimers were unaffected (Fig. 3c and data not shown 
Real-time analysis of circadian gene expression
The prevailing transcriptional feedback model predicts that impairment of CRY-mediated repression should have marked effects on circadian expression of the PERIOD genes. This notion is supported by in vivo observations that expression of PER1 and PER2 is constitutively elevated in Cry1/Cry2 double knockout mice 14, 24 . To determine whether these mutations in CLOCK and BMAL1 cause phenotypic changes in circadian gene expression, we performed realtime bioluminescence assays in an oscillating mammalian cell model 25, 26 . This approach allows for a continuous and quantifiable report of circadian promoter activity from the same transfected cells over multiple days and enables statistical evaluation of important parameters of circadian clock function such as period length and amplitude. Mouse NIH3T3 fibroblasts were transfected with plasmids containing destabilized luciferase driven by the PER2 or SV40 promoters along with various combinations of BMAL1 and CLOCK alleles, stimulated with forskolin to synchronize circadian rhythmicity, and then were monitored in real-time for circadian luciferase activity (Fig. 4a,b and Supplementary Fig. 4 online) . Cotransfection of wildtype CLOCK and BMAL1 did not substantially alter rhythmicity compared with cells transfected with empty vector, as their period lengths were 21.4 h ± 0.4 h (mean ± s.d., Supplementary Fig. 4 ). In contrast, transfection of either of the single CLOCK or BMAL1 mutant alleles resulted in substantial impairment of circadian rhythmicity after one or two cycles of oscillations when compared with wild-type CLOCK/BMAL1 ( Fig. 4a and Supplementary  Fig. 4) . Notably, cotransfection of CRY-insensitive mutant CLOCK and BMAL1 together resulted in the loss of circadian PER2 promoter activity ( Fig. 4b and Supplementary  Fig. 4) . Thus, transcriptional repression of CLOCK/BMAL1 by CRY is required for circadian E-box activity. In addition to PER and CRY, rhythmic expression of BMAL1 mRNA is also under circadian clock regulation 12 . However, the BMAL1 promoter does not have E-box sites and instead contains retinoic acid-related orphan nuclear receptor binding elements (RORE) 25, 27 , whose activities are reciprocally controlled by the rhythmically expressed transcriptional repressor REV-ERBa 27 and activator Rora 28, 29 . As an additional test for circadian clock function, the effects of mutant CLOCK and BMAL1 on rhythmic RORE activity were examined by real-time assays with a BMAL1-destabilized luciferase (BMAL1-dLuc) reporter. Similar to results with the PER2-dLuc reporter, transfection of single CLOCK or BMAL1 mutants resulted in the decreased amplitude of cycling of BMAL1-dLuc activity compared with wild-type CLOCK/BMAL1 (Fig. 4c and Supplementary Fig. 4) . Moreover, this decrease in cycling amplitude was further exacerbated upon cotransfection of the double mutant heterodimer (Fig. 4d and Supplementary Fig. 4) . These results are probably due to misexpression of endogenous REV-ERBa, which is regulated by CLOCK/BMAL1 and CRY 27 through E-box elements in the REV-ERBa promoter. Consistent with this, cotransfection of wildtype CLOCK/BMAL1 inhibited steady-state BMAL1 promoter activity, whereas additional cotransfection of CRY1 caused activation (Supplementary Fig. 5 online) . In contrast, CRY-mediated activation of the BMAL1 reporter was abrogated when cotransfected with the CLOCK/BMAL1 double mutants ( Supplementary Fig. 5 and data not shown). These results indicate that transcriptional repression of CLOCK/BMAL1 by CRY is also required for circadian BMAL1 expression through ROR elements, which is dependent upon transcriptional, translational and post-translational actions of endogenous cellular factors. 
Role of circadian feedback repression in single cells
The arrhythmic PER2 expression seen from a population of cells expressing the double mutant CLOCK/BMAL1 complex may be due to the disruption of oscillator function or a lack of synchrony between individual rhythmic cells. In order to address these possibilities, quantitative imaging of PER2-luciferase reporter activity was measured from individual NIH3T3 fibroblasts by an approach similar to that used in analyzing BMAL1 reporter rhythms from single cells 30 . As with the whole-well assays, the median reporter activity for the population of imaged individual fibroblasts coexpressing wild-type CLOCK/BMAL1 oscillated rhythmically (Fig. 5a) . In contrast, the population of individual Clock-1/Bmal1-3 mutant cells (Fig. 5b) was visibly arrhythmic. Individual reporter activities from single wild-type cells were rhythmic ( Fig. 5c and Supplementary Fig. 6 online), as expected, whereas individual Clock-1/Bmal1-3 double mutant cells showed arrhythmic reporter activities ( Fig. 5d and Supplementary  Fig. 7 online). These differences in activity patterns were evaluated by autocorrelation (see Methods) and COSOPT 31 analyses, two independent statistical methods that score the circadian rhythmicity of experimental time-course data. Reporter activity traces from each wild-type or double mutant cell were assigned autocorrelation and COSOPT (Multiple Measures Corrected minus b, MMC-b) significance scores (Fig. 5c,d ). Statistically significant differences between wild-type (n ¼ 133) and double mutant (n ¼ 133) cells were observed from the individually assigned autocorrelation (Wilcoxon test, P ¼ 6.8 Â 10 -11 ) and MMC-b (Wilcoxon test, P ¼ 1.1 Â 10 -13 ) scores. Thus, both visual inspection and statistical analyses indicate that the double mutant cells differ from rhythmic wild-type cells. We also observed this arrhythmic behavior in individual Clock-3/Bmal1-4 double mutant cells ( Supplementary Fig. 8 online) . Therefore, the arrhythmicity seen upon expression of double CLOCK/BMAL1 mutants in population studies was a reflection of the activity of mutant complexes in single cells rather than desynchrony of individual cellular oscillators.
DISCUSSION
The current molecular model for the mammalian circadian clock includes transcriptional feedback repression by CRY and PER proteins 3, 32 . Evidence for this mechanism is based on observations that CLOCK/BMAL1 activates CRY and PER gene expression, whose protein products, in turn, repress CLOCK/BMAL1 activity in transient transfection assays. Repression is believed to be mediated through physical interactions, as CRY associates with CLOCK/BMAL1 in coimmunoprecipitation and yeast two-hybrid assays. Finally, both Cry1/Cry2 and Per1/Per2 double knockout mice are behaviorally arrhythmic. While this evidence is strongly supportive for such a mechanism, functional requirement for feedback repression in the mammalian circadian clock has not been previously uncovered. Proof of this necessity is of import, as recent studies of the cyanobacterial clock found that circadian oscillations in protein phosphorylation can be maintained in the absence of transcriptional feedback repression in vivo 5 and with purified proteins in vitro 4 . Therefore, we sought to formally test the requirement of CRY-mediated transcriptional feedback repression in the mammalian circadian clock by developing and implementing a new, unbiased cellular genetics approach that uses robust mutagenesis techniques and mammalian cell-based screening. Using this approach, we identified an allelic series of CLOCK and BMAL1 clones that were uncoupled from CRY-mediated repression. Coexpression of these mutants in fibroblasts disrupted the rhythmic activities of both E-box and ROR elements, the two primary transcription factor binding sites used by the circadian oscillator 26 . These data provide direct evidence that CRY-mediated feedback repression of the CLOCK/BMAL1 complex is required for mammalian clock function. Notably, some oscillatory properties of the mammalian circadian clock, such as protein phosphorylation, may remain intact upon uncoupling of transcriptional feedback repression. Although it is likely that the mammalian clock is governed by a combination of both transcriptional and nontranscriptional feedback mechanisms, any residual circadian properties that remain upon uncoupling of transcriptional feedback are insufficient to maintain circadian transcriptional output and molecular clock function.
Finally, we predict that application of cellular genetics technology will have a significant impact on mammalian biology as similar approaches have had on prokaryotic and yeast biology.
METHODS
Mutant generation and screening protocols are provided in Supplementary Methods online.
Cell-based reporter assays. Luciferase reporter assays were performed in triplicate wells of 96-well white Co-Star bioassay plates (Corning). Total plasmid DNA (750 ng) was incubated with 150 ml of serum-free Dulbecco's modified Eagle's minimal essential medium (DMEM; GIBCO) and 2.25 ml FuGENE6 for 30 min in microcentrifuge tubes. For the PER1 reporter assays, we used the following amounts of plasmid DNA per well: 25 ng pGL3-mPER1, 50 ng pCMV-mBMAL1, 120 ng pCMV-hCLOCK or hNPAS2 and 5 ng pCMV-b-GALACTOSIDASE. In assays with CRY1 or CRY2, indicated amounts of pCMVmCRY plasmid were compensated with empty pCMV-Sport6 vector to total 50 ng. HEK293T cells were cultured to 80% confluence at 37 1C with 5% CO 2 and were harvested in DMEM/20% fetal bovine serum (FBS; GIBCO)/0.2 mM nonessential amino acids (NEAA; GIBCO)/2Â penicillin-streptomycin-glutamine (PSG; GIBCO) at 8 Â 10 5 cells ml -1 . We dispensed 50 ml of harvested cells into individual wells in triplicate of the 96-well bioassay plate. After 30 min, 50 ml of plasmid DNA/DMEM/FuGENE6 mix was dispensed into the appropriate well with cells and incubated at 37 1C (5% CO 2 ) for 24 h. Luciferase and b-galactosidase activities were analyzed with Dual Light Kit (Tropix) and Acquest reader (LJL Biosystems) according the manufacturers' specifications. Ratios of luciferase:b-galactosidase activities from technical triplicates were averaged and normalized as the percent of luciferase:b-galactosidase activity ratios with wild-type CLOCK and BMAL1 plasmids in the absence of CRY. Final percentage activities were calculated from three independent experiments. Native coimmunoprecipitations and protein blotting. We seeded 6 Â 10 6 HEK293T cells on 10-cm Petri dishes with 7 ml DMEM/10% FBS/0.1 mM NEAA/1Â PSG and incubated them at 37 1C/5% CO 2 for 20 h. Cells were then transfected with 6 mg of total plasmid DNA in 100 ml of serum-free DMEM and 18 ml of FuGENE6. Twenty-four hours post-transfection, cells were washed and harvested with Dulbecco's phosphate buffered saline (DPBS, GIBCO) and pelleted by centrifugation. Cell pellets were solubilized in 1 ml TGED buffer (50 mM Tris, pH 7.4, 100 mM NaCl, 1 mM EDTA, 5% (vol/vol) glycerol, 0.5 mM DTT), complete protease inhibitors (Roche Applied Sciences) and 0.5% Triton X-100. Soluble lysate was cleared by centrifugation for 15 min at 13,000g at 4 1C. Six microliters of anti-Flag (Sigma-Aldrich) or anti-MYC (Pierce Biotechnology) conjugated to Sepharose beads were added to 1 ml of cleared lysate and incubated for 2 h at 4 1C with agitation. Bound proteins were then washed twice with TGED + 0.5% Triton, twice with TGED + 1% Triton, three times with TGED at 250 mM NaCl + 1% Triton and twice with TGED. Bound proteins were eluted with 50 ml of Laemmeli's Reducing Sample Buffer (Biorad Laboratories), heated to 42 1C for 5 min and resolved by SDS-PAGE electrophoresis (Biorad Laboratories). Copurified proteins were identified by protein blotting with rabbit polyclonal antibodies to Flag (Sigma-Aldrich), CLOCK (Affinity BioReagents), BMAL1 (Affinity BioReagents) or mCRY1 (a gift from S. Panda, The Salk Institute, La Jolla, California). For comparison of protein expression from cotransfected CLOCK and BMAL1 cDNAs, equal amounts of cleared cell lysates were processed with 1Â sample buffer and resolved by protein blotting with anti-Flag or appropriate antibodies. Results of co-IP and protein blotting experiments were independently repeated three times.
